tive trains may be due to a subpool of rapidly replenished vesicles, which has low release probability (P r 
] did not influence recovery from 10 Hz depression (Weis et al., 1999 ; see also Swandulla et al., 1991). Thus, it was sugSummary gested that the Ca 2ϩ -dependent recruitment of vesicles might be an apparent one, not due to an acceleration In many synapses, depletion and recruitment of releasable synaptic vesicles contribute to use-depenin replenishment of vesicles, but due to the fact that a population of vesicles, which has intrinsically fast redent synaptic depression and recovery. Recently it has been shown that high-frequency presynaptic stimulacruitment, becomes available for release in a Ca 2ϩ -dependent manner. In fact, it was questioned whether tion enhances recovery from depression, which may be mediated by Ca
2؉
. We addressed this issue by meathe recruitment process has any Ca 2ϩ dependence at all, such that the problem of Ca 2ϩ -dependent recruitment suring quantal release rates at the calyx of Held synapse and found that transmission is mediated by a remains controversial (Stevens and Wesseling, 1998, 1999; Wu and Borst, 1999; Weis et al., 1999 ). heterogeneous population of vesicles, with one subset releasing rapidly and recovering slowly and another
Here, we propose a resolution of this issue by a detailed analysis of depletion and recovery of releaseone releasing reluctantly and recovering rapidly. Ca 2؉ promotes refilling of the rapidly releasing synaptic vesready vesicles. The use of action potential-evoked EPSCs for assaying recovery from depletion is comproicle pool and calmodulin inhibitors block this effect. We propose that calmodulin-dependent refilling supmised by the fact that EPSC amplitude is a product of release probability P r and the vesicle pool size, both of ports recovery from synaptic depression during highfrequency trains in concert with rapid recovery of the which may change with time (Stevens and Wesseling, 1999; Wu and Borst, 1999). Thus, we adopted an experislowly releasing vesicles. mental design to separate the time course of release (P r ) and vesicle pool size by taking advantage of simultaIntroduction neous whole-cell voltage clamp. In order to estimate release rates reliably, we used the deconvolution Depletion of a release-ready transmitter store has been recognized as a major cause of short-term synaptic demethod adapted to the special condition of large glutamatergic synapses (Neher and Sakaba, 2001). In the pression already in some of the very early studies on synaptic transmission (Liley and North, 1953; Del Casexperiments reported here, we confirmed that release probability is heterogeneous and that the releasable tillo and Katz, 1954; Elmqvist and Quastel, 1965 When a low concentration of EGTA (0.05 mM) was included in the presynaptic patch pipette and the presynaptic compartment was depolarized to Ϫ10 mV (or 0 mV) for 50 ms, two components of transmitter release were observed with time constants of 2.7 Ϯ 1.2 ms (fast component, 66% Ϯ 10% of the total RP, n ϭ 5) and 10.7 Ϯ 1.9 ms (slow component, Figure 1A ). The total pool size was estimated to be 2409 Ϯ 415 quanta (1623-3779 quanta). The pool size thus covered the range of previous estimates using the deconvolution method (Schneggenburger and Neher, 2000; Sakaba and Neher, 2001) and is at the lower limit of estimates from capacitance measurements (Sun and Wu, 2001). Separation of the two components was not always clear, however, and the data could sometimes be fitted with a single exponential. Thus, the separation of the response into a fast and a second slow component remained ambiguous under this condition, most likely because facilitation was developing in the course of the long-lasting depolarization. The time course of release was comparable to that reported previously using 0.05 mM BAPTA (Sakaba and Neher, 2001). In agreement with previous results (Borst and Sakmann, 1998, 1999; Cuttle et al., 1998; Forsythe et al., 1998), inactivation and facilitation of presynaptic Ca 2ϩ currents was minor during this pulse protocol ( Figure 1A) .
The two components of transmitter release were more When a higher concentration of EGTA (5 mM) was introduced into the presynaptic terminal, the time course of release of the fast component was also slowed ( ϭ entering the cell during the first pulse in a pair was sufficient to saturate most of the EGTA present in the 5.7 Ϯ 1.0 ms, Figure 1C) Figure 3B ). The amplitude of the slow component was recovery is mediated by at least two processes. almost constant during the recovery from partial depleThe previous study concluded that release probability tion ( Figure 3B ) after an initial very rapid recovery. decreased during replenishment .
In a similar experiment on the fusion of large, dense However, this conclusion was based on the assumption core vesicles at chromaffin cells, a decrease in the amof a homogeneous pool of vesicles. Given our finding plitude of a slow release component was observed durthat P r is heterogeneous at the calyx synapse ( 6B, open symbols). In the presence of the calmodulin a releasable pool consisting of thousands of vesicles (1600-5800) and showed that release probability is hetbinding domain peptide, the recovery was fitted by a double exponential with ϭ 901 ms (59%) and 6.9 s erogeneous: close to 50% of the total vesicle pool can be released rapidly (within a few milliseconds), whereas ( Figure 6B, filled symbols) . Thus, a calmodulin-dependent component of recovery does contribute to recovery the rest is released more slowly (Figure 1) . Recovery of the slow vesicles is very fast ( ϭ 200 ms) irrespective from synaptic depression, at least in the condition we examined. The remaining rapid phase of recovery is of the stimulus patterns we used (Figure 2) . Recovery of the fast vesicles, however, is accelerated by the likely to be mediated by rapid recovery of slow vesicles, which are facilitated during high-frequency stimulations amount of Ca 2ϩ accumulation (Figures 2-4) , an effect that can be blocked by calmodulin inhibitors ( ] stimulates this process (Figformed with low EGTA and facilitation is allowed to develop, the two components of release fuse, although it ures 3-5), in contrast to . In this respect, the result is consistent with the mechanism is still possible to fit the overall time course with a double exponential in many cases. ], as it occurs during more intense stimula-
